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Abstract: Commercial purity titanium (CP-Ti) and a Ti-6Al-4V alloy (Ti64) were processed by high-
pressure torsion (HPT) for 10 and 20 turns. The HPT processing produced a nanostructured mi-
crostructure and a significant strength enhancement in the CP-Ti and Ti64 samples. After 20 turns,
the samples of HPT-processed CP-Ti and Ti64 were subjected to laser surface treatments in an air
atmosphere using different scanning speeds and laser powers. The surface roughness of the laser-
modified samples increased with increasing laser power and this produced hydrophilicity due to
a lower contact angle. After a holding time of 27 days, these samples underwent a hydrophilic-
to-hydrophobic transformation as the contact angle increased from 13◦ to as much as 120◦ for the
CP-Ti sample, and for the Ti64 sample the contact angle increased from 10◦ to 126◦. In addition, the
laser surface modification process was carried out with different atmospheres (air, vacuum and O2)
on heat-treated but unstrained CP-Ti and Ti64 samples and the contact angle changed due to the
surface element content. Thus, as the carbon content increased from 28% to 47% in CP-Ti in a vacuum
environment, the surface contact angle increased from 22◦ to 140◦. When a laser surface modification
process is conducted under oxygen-less conditions, it is concluded that the contact angle increases
rapidly in order to control the hydrophobic properties of Ti and the Ti alloy.

Keywords: CP-Ti; high-pressure torsion; hydrophobic; laser surface modification; Ti-6Al-4V

1. Introduction

With the rapid development of modern science and technology, the introduction of
new and modified materials has become attractive within materials science. Titanium alloys
are a popular material for biomedical applications due to their high mechanical strength,
excellent biocompatibility and good corrosion resistance [1–3]. There are reports where
other elements are added to Ti alloys that this may enhance their properties by producing
lower densities and improved biocompatibility and corrosion resistance [4]. In general,
the mechanical properties of high-purity Ti are lower than for titanium alloys, such as the
Ti-6Al-4V alloy, and, therefore, the mechanical strength is generally improved through the
application of thermo-mechanical processing.

In practice, the application of severe plastic deformation (SPD) is a beneficial procedure
for refining the grain structure and enhancing the mechanical strength of many metals
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and alloys. For example, the procedures of accumulative roll-bonding (ARB) [5], equal-
channel angular pressing (ECAP) [6] and high-pressure torsion (HPT) [7] are effective SPD
procedures that have been used very extensively for achieving ultrafine-grain structures in
a wide range of materials [8–13]. However, ECAP processing is normally conducted at a
high temperature [14], whereas HPT processing can be carried out at room temperature due
to the very high hydrostatic pressure, which prevents segmentation and cracking during
the processing operation [15]. As a result, HPT is preferred in Ti alloys for achieving grain
refinement and strength enhancement.

Wettability has an important role in a variety of surface-related phenomena and the
surface characteristics of ultrafine-grained materials have a significant impact on their
performance in industry and biomedicine [16,17]. Superhydrophobic surfaces have many
attractive features, including self-cleaning, heat transfer and corrosion [18], and they are
used widely in different fields, such as in anti-ice applications in aeronautics [19]. There are
some reports of a difference between lotus leaves, which have recognized superhydropho-
bic surfaces, and the superhydrophobic effect associated with metallic surfaces because the
effect in lotus leaves is due to their dual-scale roughness, at both the coarse micrometer
and nanometer scales [20–22]. In addition, hydrophilic phenomena provide good tissue
adhesion in implants and are designed for rapid cell–cell communications [22,23]. For ex-
ample, a titanium alloy may be treated by acid etching or sandblasting to become bioactive
and thereby, improve the connectivity between the bone implants and the surrounding
tissue [24–26]. Obviously, therefore, surface modifications of engineering metals and alloys
are essential in order to control and optimize their fundamental properties.

Various surface modification techniques are now available, including thermal spraying,
mechanical treatment, chemical treatments, laser texturing and sol–gel processing. In
practice, it has been demonstrated that laser modification is a useful tool for modifying
the surface topography at the micro/nano scale [27–29] and, to date, there are reports
demonstrating the feasibility of generating hydrophobic or hydrophilic characteristics on
coarse-grained metals by laser surface machining [30,31]. Nevertheless, only a few studies
are, at present, available, investigating the potential for combining both a modification of
the surface properties and an improvement in the mechanical strength of ultrafine-grained
Ti alloys [32]. The wetting behavior of a surface is significantly affected by the chemical
composition and roughness, as described in the classic and early models of Wenzel [33]
and Cassie-Baxter [34] and the wetting properties of Ti alloy are controlled by roughness
so that the contact angle can be changed through two different states on rough solids [35].
It has been reported that after laser surface treatment the melted and re-solidified metal
oxide on the surface can absorb organic compounds in ambient air leading to surface
hydrophobicity [36–38]. Thus, as the observation period increases, so the contact angle
also increases, and this means that the surface behavior changes from a hydrophilic to a
hydrophobic state due to the local composition.

In general, it is apparent that high-energy metal oxides are generated during laser
processing and this leads to hydrophilic behavior, so that the wettability of the surfaces
changes over time from hydrophilicity to superhydrophobicity [39]. Most investigations to
date have only explored tuning the wettability by laser texturing in an air atmosphere [40].
For example, it was shown that the processing atmosphere can accelerate or slow down the
wettability transition, thereby extending the durability of the superhydrophilic surfaces [41],
and it was also reported that wettability differences existed between samples processed
under various atmospheres, so that the overall wettability tendencies were the result of a
combination of surface chemistry and the topographic effects for all surfaces [42–45].

Due to limited information available to date on the laser surface modifications on
nanostructured Ti alloys, the present study was initiated to examine the surface mor-
phology of HPT-processed samples of pure Ti and a Ti-6Al-4V alloy after laser surface
treatment, using different laser powers, speeds and holding times. This study will in-
vestigate different methods to fabricate a hydrophobic surface, which can be used in
medical devices. An examination was also conducted to evaluate the effects of the chemical
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compositions processed in different environments in creating either superhydrophilic or
superhydrophobic surfaces.

2. Materials and Methods

A sample of grade 2 commercial purity (CP) titanium (99.4% Ti) was purchased
from Titanium Industries UK, Ltd. (Birmingham, UK) in the form of a round bar with a
diameter of 12.7 mm. A sample of the Ti-6Al-4V (Ti64) alloy was obtained from GoodFellow
Cambridge Ltd. (Cambridge, UK), in the form of a round bar with a diameter of 10.0 mm.
Typical composition analysis of Ti64 (in ppm) shows that it contains Fe 300, C 220, H 100,
N 100 and O 650 in addition to Al 6% and V 4%. The as-received CP-Ti was annealed at
973 K for 2 h in a vacuum furnace and the as-received Ti64 was heat treated in two steps
with an initial solution anneal at 1323 K for 45 min followed by stress relief annealing at
873 K for 3 h and then furnace cooling to room temperature. After the heat treatments, both
the CP-Ti and the Ti64 rods were machined and cut into disc samples with diameters of
10 mm and thicknesses of ~0.8 mm [46].

Both the CP-Ti and the Ti64 disc samples were processed to totals of 10 or 20 turns by
HPT at room temperature under an imposed pressure of 6.0 GPa using a rotational speed
of 1 rpm. The principle of processing by HPT is illustrated schematically in Figure 1a [47].
The sample is generally in the form of a thin disc and it is placed between two massive
anvils, subjected to a pressure P and then torsionally strained through rotation of either the
lower or upper anvil. The HPT facility operated under quasi-constrained conditions where
there is a small outflow of material around the periphery of the disc during the torsional
straining [48,49]. Figure 1b shows the disc samples before and after HPT processing, with
the flash at the edge of the disc after HPT processing. For CP-Ti and the Ti64 alloy, the heat-
treated but unstrained samples are designated as N0 whereas the HPT-processed 10 and
20 turns samples are designated as N10 and N20, respectively. For optical microstructure
observations of CP-Ti and Ti64, the samples were finally polished using a colloidal silica
solution, then etched with Kroll reagent (2% HF + 10% HNO3 + 88% H2O) for a few
seconds. The optical microstructures of both CP-Ti and Ti64 samples were examined using
an Olympus BX51 optical microscope (OM) (Olympus Corporation, Tokyo, Japan). The
deformation microstructures of CP-Ti and Ti64 after 10 or 20 turns of HPT processing
were characterized using a JEOL1200 transmission electron microscope (TEM) (JEOL Ltd.,
Tokyo, Japan) operating under an acerating voltage of 120 kV. The standard 3 mm TEM
disc samples were always taken from about 4 mm from the centres of the HPT-processed
discs. The grain sizes of HPT-processed samples were measured using the linear intercept
method with image J software (U.S. National Institutes of Health, Bethesda, MD, USA) with
at least 30 grains measured from TEM images and the mean grain size value was used for
comparison purposes. The microhardness was measured using a hardness tester equipped
with a Vickers indenter (FM300, Future-tech Corporation, Kanagawa, Japan) under a load
of 200 gf and with a dwell time of 15 s.

The surfaces of the HPT-processed samples were modified by laser surface texturing
in an air atmosphere using various scanning speeds, laser powers and holding times in
order to evaluate the influence of the various laser processing parameters on the surface
roughness and hydrophilic/hydrophobic properties. The laser irradiations were performed
on the heat-treated but unstrained samples in air, vacuum and O2 atmospheres. The
samples for laser treatment were hand rubbed against the abrasive papers first. Four
grades of abrasive papers were used: 800 grit, 1200 grit, 2000 grit and 4000 grit. Then the
samples were polished using alumina powder with a particle size of 0.3 µm. Prior to the
laser surface texturing, the samples were further polished by alumina to a roughness of
~56 ± 6 nm. The samples were then surface treated using a fiber laser (SPI G3, SPI Lasers,
Southampton, UK) with a wavelength of 1064 nm, a repetition rate of 25 kHz, a laser spot
size of 40 µm and a pulse duration of >10 ns. The laser texturing process was carried out in
power ranges of 0.9–5.0 W and with a scanning speed of 150 mm s−1. Figure 2 shows the
configuration of the laser surface treatment system.
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Figure 2. A schematic diagram of the laser system.

The surface morphologies of the various laser-treated samples were examined using an
optical microscope (HRM-300, Huvitz, Gyeonggi-do, Korea). The hydrophilic/hydrophobic
properties of the surface-modified samples were investigated by measuring the contact
angles of droplets of de-ionized water with volumes of 1 µL. In these experiments the
contact angle and roughness were measured three times and the average value was used
for comparison purposes. The roughness of the laser-modified samples was measured
using an Alpha step profiler (D-300, KLA, Milpitas, CA, USA) with a scanning speed of
0.4 mm s−1, a scan line length of 5 mm and a load of 10 mg. The content of element C was
measured using analysis with an Auger electron nanoscope (ULVAC-PHI, PHI 700, Kana-
gawa, Japan). The laser-treated surfaces were observed over a period from 1 to 27 days in
order to fully evaluate the evolution of the surface hydrophilic or hydrophobic characteris-
tics. The surface morphology of laser-modified samples was observed by a field-emission
scanning electron microscope (SEM) with model JSM-7600F (JEOL Ltd., Tokyo, Japan). The
microstructures of the Ti-6Al-4V alloy and the surface-modified specimens were examined
by X-ray Diffractometer (XRD, Bruker D8 Advance, Karlsruhe, Germany). The 2 theta
ranges are 20–80 deg and the step mode is 0.03 deg and 0.4 s per step. It should be noted
that Cu-Kα radiation (λ = 0.154 nm) at 40 kV and 40 mA was used.
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3. Results

Figure 3 shows the microstructures of CP-Ti samples in the as-annealed state and
after HPT processing to 10 and 20 turns by OM and TEM observations. In Figure 3a, the
as-annealed CP-Ti has a coarse grain structure, with an average grain size of ~65 µm and
an initial hardness value of ~157 Hv.
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HPT processing to (b) 1 turn in disc centre area (OM image, magnification 100×), (c) 1 turn in disc
edge area (OM image, magnification 200×), (d,e) 10 turns ~4 mm from disc edge area (TEM bright
field and dark field images), (f,g) 20 turns ~4 mm from disc edge area (TEM bright field and dark
field images).

After HPT processing to 1 turn, as shown in Figure 3b,c, in the disc centre area, there
remain some coarse grains but the torsional movement is visible because grains began to
deform, which is different from the as-annealed CP-Ti sample in Figure 3a, whereas on
the disc edge area it is more difficult to see grains under the optical microscope, even at
higher magnification because of the heavy shear strain and subsequent grain refinement.
The TEM microstructures of CP-Ti after 10 turns and 20 turns HPT processing are shown
in Figure 3d–g, which include bright and dark field images. The SAD (selected area
diffraction) patterns of 10 turns and 20 turns samples were inserted into the top-right
corners in Figure 3d,f, respectively. As such, 10 and 20 turns HPT processing led to the
formation of numerous high-angle grain boundaries and ultrafine grains, which are visible
in the ring in the relevant SAD patterns. The shapes and sizes of the grains were found to
be much easier to recognize in the corresponding dark field images, and from Figure 3e,g,
it is clear that most of the ultrafine grains have equiaxed shapes. Further HPT processing,
as shown in the TEM images in Figure 3d–g, demonstrate that significant grain refinement
was achieved in CP-Ti, with a mean grain size of about 70 ± 18 and 60 ± 12 nm after 10
and 20 turns, respectively.

The initial microstructure of the Ti64 alloy after the two-step heat treatment is shown
in Figure 4a,b, at two different magnifications, where lamellar (α + β) phases are present
within the grains. The microstructure obtained by slow cooling from the β phase field
contains individual β plates, separated by the remaining β matrix. In the low-magnification
OM image in Figure 4a, there is a coarse grain structure with an average grain size of
~540 µm, whereas in the high-magnification OM image in Figure 4b, lamellar (α + β)
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phases are clearly visible with α plates in a light colour and β plates in a dark colour,
and the thicknesses of the coarse α plates are in the range of ~2–6 µm. Ti64 has an initial
hardness value of ~309 Hv for the heat-treated condition. After HPT processing to 1 turn, in
the disc centre area, the coarse grains and lamellar structures within grains were deformed
but they remain visible in Figure 4c, whereas in the disc edge area, most lamellar (α + β)
phases were fragmented and only a small amount of lamellar (α + β) phases remained in
sparse areas, but the grain structures are too small to be seen in the optical microscope
in Figure 4d. After HPT processing for 10 turns, there was evidence for significant grain
refinement, with a mean grain size of about 50 ± 10 nm as shown in Figure 2e,f. The SAD
pattern in Figure 4e became ring-like, thereby showing an evolution of grain structures into
large numbers of high-angle boundaries.

For the CP-Ti and Ti64, a laser surface modification in an air atmosphere with a
repetition rate of 25 kHz and a scanning speed of 150 mm s−1 was applied to the 20 turns
HPT-processed samples (the N20 samples) and the heat-treated but unstrained samples
(the N0 samples). The surface textures of laser-treated N0 and N20 samples of CP-Ti and
Ti64 are displayed in Figure 5, from which valleys and hills can be observed on the sample
surfaces. These are marks after the laser beam moves on the surface. Figure 6 shows the
effect of different laser powers on the contact angle and surface roughness in both CP-Ti
and Ti64. For the N0 samples, as shown in Figure 6a, the roughness of the Ti64 alloy was
smaller than CP-Ti when the applied laser power was smaller than 2 W but the roughness of
the Ti64 samples became larger than for CP-Ti when the laser power increased above ~3 W.
For the N20 samples, the roughness of Ti64 was significantly larger than for CP-Ti when
the applied laser power was 5 W, as shown in Figure 6b. Figure 7 shows the observations
of the surface morphology in the laser-treated zone of the laser-modified CP-Ti and Ti64
samples, with different holding times (1 day and 14 days), after applying a laser power of
5 W in an air atmosphere. Only 1 day after laser treatment, the surface morphology of Ti64
N20 samples showed more bumps than in CP-Ti N20 samples, as shown in Figure 7c,g,
which confirms the larger roughness value of the Ti64 N20 sample than the CP-Ti N20
sample in Figure 6b. The roughness measurements in Figure 6a matched with the surface
morphology observations in CP-Ti N0 and Ti64 N0 samples in Figure 7a,e as well, whereas,
comparing Figure 6a,b, it is concluded that the roughness of the laser-treated N20 samples
was rougher than for the N0 samples in Ti64 but there was no significant difference in the
roughness values between the N20 and the N0 samples in CP-Ti. For the N20 samples, as
shown in Figure 6b, the contact angles of Ti64 and CP-Ti were measured as ~11◦ and ~17◦,
respectively, when the applied laser power was 5 W. It is readily apparent that Ti64 is more
hydrophilic than CP-Ti, for samples processed for 20 turns by HPT and, in addition, the
N20 CP-Ti sample has both a lower roughness and a higher contact angle compared with
the Ti64 alloy.

The SEM cross-section observations of laser-treated ultrafine-grained CP-Ti and Ti64
(HPT-processed N20 samples) are displayed in Figure 8. For the CP-Ti N20 sample,
Figure 8a clearly shows the microstructure difference between the upper and bottom part
of the cross section, where the upper part has a coarse-grained microstructure due to laser
surface modification, whereas the bottom part is far from the surface and, therefore, the
matrix ultrafine-grained microstructure remains. Measurements from Figure 8a demon-
strate that microstructure coarsening occurred from the surface to about 12 µm in depth in
the CP-Ti N20 sample. Similar microstructure coarsening phenomena were observed in the
Ti64 N20 sample as well. The boundary between the coarse-grained and ultrafine-grained
area is not very clear in Figure 8b, but it is still identifiable in the high-magnification image
in Figure 8c. The microstructure coarsening due to laser modification on the Ti64 N20
sample occurred from the surface to a depth of about 10 µm.
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Figure 4. Microstructures of Ti64 in (a) as-heat-treated condition with low magnification (OM image,
magnification 50×), (b) as-heat-treated condition with high magnification (OM image, magnifi-
cation 500×) and after HPT processing (c) 1 turn in disc centre area (OM image, magnification
50×), (d) 1 turn in disc edge area (OM image, magnification 200×), (e,f) 10 turns at ~4 mm from disc
edge area (TEM bright field and dark field image).
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Figure 7. SEM images of the surface observations on laser-modified samples with different holding
times (1 day and 14 days) after applying 5 W laser power in air atmosphere (a) CP-Ti N0 sample,
1 day, (b) CP-Ti N0 sample, 14 days, (c) CP-Ti N20 sample, 1 day, (d) CP-Ti N20 sample, 14 days,
(e) Ti64 N0 sample, 1 day, (f) Ti64 N0 sample, 14 days (g) Ti64 N20 sample, 1 day, (h) Ti64 N20 sample,
14 days.
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Figure 8. SEM cross-sectional images of laser-modified samples after 14 days for (a) CP-Ti N20
sample, (b) Ti64 N20 sample (low magnification) and (c) Ti64 N20 sample (high magnification).

The XRD patterns of the HPT-processed and surface-modified Ti64 specimens at a
laser power of 5 W are shown in Figure 9. Before HPT processing, the β(110) peak could be
detected in the heat-treated but unstrained N0 sample. After HPT processing for 20 turns,
the microstructure of Ti64 had a β phase with detected peaks of (10–10)β, (0002)β, (10–11)β
and (10–12)β, but no β(110) peak was detected. The laser-treated Ti64 N20 sample showed
a similar X-ray pattern as that of the HPT-processed N20 sample, but no obvious TiO2
structures were detected. Considering the low laser power applied (5 W) in the current
research, it is assumed that the TiO2 layer could be too thin for detection by X-ray.

N0 samples of CP-Ti and Ti64 were selected for laser treatment under different at-
mospheres of vacuum, air and oxygen, with a laser power of 5 W and a scanning speed
of 150 mm s−1, in order to evaluate the effect of laser treatment atmosphere on surface
modifications. The relationship between the contact angle and the holding time (in days) is
shown in Figure 10. It is apparent that the surface contact angle increases with an increase
in the holding time and the contact angle of laser-treated samples in a vacuum shows that
the samples are more hydrophobic than those laser-treated in the O2 atmosphere. The
contact angles of CP-Ti and Ti64 laser treated in a vacuum were 140◦ and 145◦, respectively,
after 27 days. By contrast, the contact angles of CP-Ti and Ti64 in the O2 atmosphere after
27 days were only 22◦ and 68◦, respectively. Figure 11 shows the contact angle images
for CP-Ti with different atmospheres after 27 days holding time, where it is apparent that
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laser-treated CP-Ti in an O2 atmosphere has a smaller contact angle than when laser treated
in vacuum and air atmospheres. It is necessary to mention that any given atmosphere (air,
vacuum and O2) laser treatment and with an increase in the subsequent holding time can
lead to a transformation from hydrophilic-to-hydrophobic properties.

Metals 2022, 12, x FOR PEER REVIEW 12 of 20 
 

 

laser-treated CP-Ti in an O2 atmosphere has a smaller contact angle than when laser 
treated in vacuum and air atmospheres. It is necessary to mention that any given atmos-
phere (air, vacuum and O2) laser treatment and with an increase in the subsequent holding 
time can lead to a transformation from hydrophilic-to-hydrophobic properties. 

 
Figure 9. XRD spectra of the heat-treated but unstrained N0 sample, HPT-processed N20 sample 
and the surface-modified N20 sample of Ti64 at a laser power of 5 W. 

 

 

Figure 9. XRD spectra of the heat-treated but unstrained N0 sample, HPT-processed N20 sample and
the surface-modified N20 sample of Ti64 at a laser power of 5 W.

Metals 2022, 12, x FOR PEER REVIEW 12 of 20 
 

 

laser-treated CP-Ti in an O2 atmosphere has a smaller contact angle than when laser 
treated in vacuum and air atmospheres. It is necessary to mention that any given atmos-
phere (air, vacuum and O2) laser treatment and with an increase in the subsequent holding 
time can lead to a transformation from hydrophilic-to-hydrophobic properties. 

 
Figure 9. XRD spectra of the heat-treated but unstrained N0 sample, HPT-processed N20 sample 
and the surface-modified N20 sample of Ti64 at a laser power of 5 W. 

 

 
Figure 10. The contact angle versus the holding time (in days) for the N0 samples of CP-Ti and Ti64
measured separately in vacuum and oxygen atmospheres.



Metals 2022, 12, 948 13 of 19

Metals 2022, 12, x FOR PEER REVIEW 13 of 20 
 

 

0 10 20 30
0

50

100

150

 

 

C
on

ta
ct

 a
ng

le
 (d

eg
re

e)

Time (days)

 Ti Vac
 Ti64 Vac
 Ti O2
 Ti64 O2
 Ti Air
 Ti64 Air

 
Figure 10. The contact angle versus the holding time (in days) for the N0 samples of CP-Ti and Ti64 
measured separately in vacuum and oxygen atmospheres. 

 
Figure 11. The contact angle images for CP-Ti with different atmospheres after 27 days holding 
time. (a) O2, (b) Air, (c) Vacuum. 

According to the results in Figure 10, it is anticipated that the different atmospheres 
will produce different carbon and oxygen contents, as a study reported that different wet-
tability was found to be a consequence of changes in surface chemistry [42]. Therefore, the 
various samples were examined using Auger electron nanoscope analysis. The relation-
ship between the carbon and oxygen content and the holding time is shown for all samples 
in Figure 12. In Figure 12a, the variations in the carbon content with holding time is pre-
sented for the laser-treated CP-Ti and Ti64 in a vacuum and in an air atmosphere. Thus, 
when the surface carbon content of the CP-Ti sample is 47% after 27 holding days in Figure 
12a, the contact angle reaches 140° (as shown in Figure 10) for laser treatment in the vac-
uum atmosphere. Comparing the carbon content in Figure 12a with the corresponding 
contact angles in Figure 10, the result demonstrates that the contact angle increases when 
the carbon content is higher. By contrast, laser treatment in the oxygen environment leads 
to a mass production of oxygen, as shown in Figure 12b, and then a reduction in the for-
mation of carbon. In addition, the contact angle in the oxygen environment increases with 
increasing holding time at a lower rate than recorded in the vacuum or air atmospheres, 
as shown in Figure 10. 

Figure 11. The contact angle images for CP-Ti with different atmospheres after 27 days holding time.
(a) O2, (b) Air, (c) Vacuum.

According to the results in Figure 10, it is anticipated that the different atmospheres will
produce different carbon and oxygen contents, as a study reported that different wettability
was found to be a consequence of changes in surface chemistry [42]. Therefore, the various
samples were examined using Auger electron nanoscope analysis. The relationship between
the carbon and oxygen content and the holding time is shown for all samples in Figure 12.
In Figure 12a, the variations in the carbon content with holding time is presented for the
laser-treated CP-Ti and Ti64 in a vacuum and in an air atmosphere. Thus, when the surface
carbon content of the CP-Ti sample is 47% after 27 holding days in Figure 12a, the contact
angle reaches 140◦ (as shown in Figure 10) for laser treatment in the vacuum atmosphere.
Comparing the carbon content in Figure 12a with the corresponding contact angles in
Figure 10, the result demonstrates that the contact angle increases when the carbon content
is higher. By contrast, laser treatment in the oxygen environment leads to a mass production
of oxygen, as shown in Figure 12b, and then a reduction in the formation of carbon. In
addition, the contact angle in the oxygen environment increases with increasing holding
time at a lower rate than recorded in the vacuum or air atmospheres, as shown in Figure 10.
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Figure 12. The variations in the concentration of chemical elements in the laser-modified surface with
different holding times during different atmospheres in the N0 samples of CP-Ti and Ti64 for (a) the
carbon content and (b) the oxygen content.

The N0 and N20 samples were treated in the air atmosphere with a laser power of
5 W and a scanning speed of 150 mm s−1 in order to obtain different surface modifications.
After the laser modification, the contact angles of the N0 and N20 CP-Ti samples were
13◦ and 10◦, and for Ti64, the angles for the N0 and N20 samples were both equal to
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10◦. The relationships between the holding time and the measured contact angles for the
CP-Ti and Ti64 samples placed in an air atmosphere are shown in Figure 13. It is readily
apparent that, although there is some scatter in the individual datum points, the average
contact angle of the N0 CP-Ti sample increased from 13◦ to 120◦ after 27 days and that
of the N0 Ti64 sample increased from 10◦ to 117◦. Obviously, laser treatment in air and
subsequent holding for 27 days can lead the surface of treated samples to transform from
hydrophilic to hydrophobic. Figure 7b,d,f,h shows the surface morphology after 14 days of
laser treatment in the CP-Ti N0 sample, CP-Ti N20 sample, Ti64 N0 sample and Ti64 N20
sample. Comparing the surface morphology after 1 day of laser treatment with that after
14 days of laser treatment in Figure 7, it is found that the surface texture of each sample
changed to less bumps and, therefore, contributed to high contact angles after 14 days. It is
important to mention that the cracks in the surface morphology images shown in Figure 7
may be related to the laser power. There are several reports [50,51] that thermal input,
shock waves and thermal accumulations would result in the form of cracking. In practice,
these defects could be decreased by using femtosecond (short pulse width) or ultraviolet
(short wavelength) lasers.
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4. Discussion

The use of HPT processing was conducted in this research in order to produce an
ultrafine-grained microstructure in CP-Ti and a Ti64 alloy. Lower numbers of HPT process-
ing, for example, one turn of processing, led to a microstructure difference in the disc centre
and edge area in both CP-Ti and Ti64, as shown in Figures 3b,c and 4c,d, which is consistent
with a rigid body assumption that the strain imposed on the disc has a linear dependence
on the distance from the disc centre and the strain is a maximum value at the outer edge
of the disc [53]. It is seen that at the beginning of torsion, the accumulated plastic strain
increases mostly at the edge of the sample, while it is nearly zero in the central portion
of the sample. This region of zero strain shrinks gradually with the progress of straining.
Strain gradient plasticity modelling of high-pressure torsion [54] confirms that five turns
are sufficient to obtain a nearly uniform distribution of strain across the entire HPT sample.
Therefore, as the HPT number of turns increase to 10 or 20 turns, samples should have
more homogeneous microstructures along the disc diameter. The mean grain sizes of about
70 ± 18 nm and ~60 ± 12 nm after 10 turns and 20 turns for the CP-Ti samples, as shown in
Figure 3d–g, demonstrate that the nanostructured CP-Ti was produced through the heavy
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shear deformation. There is a report that when the HPT number of turns is sufficiently high,
it is possible to achieve a saturation in the ultrafine-grained microstructure [55]. Figure 4e–f
shows that significant grain refinement occurred after 10 turns of the Ti64 sample, with
a mean grain size of about 50 ± 10 nm. However, the average hardness values after
10 and 20 turns for the Ti64 samples were measured as ~385 Hv and ~390 Hv, respectively,
and this is consistent with the development of saturation in the microstructural conditions
during HPT processing, so that it is reasonable to suggest the grain size in the 20 turns
sample is similar to or even smaller than the grain size developed in the 10 turns sample.

It is obvious that, through HPT processing for 20 turns, nanograined structures were
developed in both the CP-Ti and the Ti64 alloy, with both materials exhibiting significant
grain refinements. Based on the analysis of the results in Figures 3 and 4, it is concluded
that 20 turns of HPT processing will produce a mean grain size of about 50 ± 10 nm or
even smaller in Ti64, but in CP-Ti, the mean grain size is about 60 ± 12 nm.

The surface of HPT-processed N20 samples (with nanograined microstructures) and
heat-treated but unstrained N0 samples (with coarse-grained microstructures) was modi-
fied by the laser surface texturing in air to evaluate the influence of the laser processing
parameters on the surface roughness and the hydrophilic/hydrophobic properties. After
the laser surface texturing, the surface contact angle of all samples was hydrophilic, as
shown in Figure 6. Comparing Figure 6a,b, there was no significant difference in the
roughness values between the nanostructured N20 sample and the coarse-grained N0
sample of CP-Ti, but the nanostructured N20 sample showed a higher contact angle than
the coarse-grained N0 sample. However, in Ti64, the roughness of the nanostructured
N20 samples was rougher than for the coarse-grained N0 samples, but the nanostructured
N20 sample showed a similar contact angle to the coarse-grained N0 sample. Obviously,
nanostructured CP-Ti and Ti64 have slightly different responses to the laser treatment of
corresponding coarse-grained materials. It is also apparent that the surface contact angle
increases with an increase in the holding time for all samples treated in an air atmosphere,
as displayed in Figure 13. Accordingly, it can be seen that when the surface roughness
is increased in HPT-processed ultrafine-grained materials, so the surface contact angle
changes from hydrophilic to super-hydrophilic. These phenomena are directly related
to the traditional Wenzel model [33], in which the surface roughness directly affects the
surface contact angle [56].

The coarse-grained CP-Ti and Ti64 (the N0 samples) were laser treated under different
environments of vacuum, air and oxygen. Figure 10 shows that the contact angles of
the samples laser treated in vacuum and air atmospheres are more hydrophobic than
samples laser treated in an O2 atmosphere. The rough surface geometry and the low-
surface-energy chemical are widely known to be critical for achieving hydrophobicity,
particularly on metal surfaces. In the O2 atmosphere, the surface still absorbs organic
compounds but the increasing rate of contact angle became slower than samples laser
treated in vacuum and air atmospheres, with the result that the contact angles of CP-Ti
and Ti64 are smaller than those of samples treated in vacuum and air atmospheres, as
shown in Figure 10. Some early research reported that the change in hydrophobicity is
not obvious in the atmosphere of O2 [43–45] and this is similar to the current results in
Figure 10 that laser-treated CP-Ti and Ti64 in an O2 atmosphere have lower contact angles
after 27 days holding. It can be concluded that the contact angles for both the CP-Ti and
Ti64 samples increased with a change in the laser treatment atmosphere in the order of
O2, air and vacuum. Several reports showed that a decomposition of carbon dioxide into
carbon occurred during the pulsed laser treatment [52,57]. There is also a similar result
showing that the surface with the highest carbon content has the highest contact angle [58].
Therefore, current research only focused on the analysis of oxygen and carbon content. The
elemental analysis in Figure 12 shows that the oxygen content on the surface of the CP-Ti
and Ti64 decreases and the carbon content increases with holding time. Accordingly, this
corresponds to the contact angle increase with increasing holding time in the vacuum or
air atmospheres in Figure 10. The laser processing showed a capability to tune the final
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wetting behaviour by controlling the topography and modulating the chemical composition
given by the processing environment [42]. Samples were oxidized after laser texturing and
metal oxide shows hydrophilicity. The mechanism of wettability change was explained as a
combined effect of micro-burr structure and surface chemistry [56]. It is obvious, therefore,
that Ti is more easily combined with oxygen so that the carbon content on the surface
decreases [59]. Therefore, laser modifications at different atmospheres produce different
levels of contact angles and different rates of change for the transformations of the contact
angles. This means that choosing the proper laser modification atmosphere will be a useful
procedure in controlling both the contact angle transformation and the rate of occurrence
of the transformation.

It is important to note that there exists a contact angle difference between laser-treated
CP-Ti and Ti64 in the O2 atmosphere after 27 days holding (Figure 10). In general, the
higher the surface roughness, the larger the contact angle with increasing holding time. The
roughness of the Ti64 N0 sample is higher than for the Ti N0 sample (shown in Figure 6)
and, therefore, it is reasonable that the contact angle of the Ti64 N0 sample is larger than
for Ti N0 in an O2 atmosphere, as shown in Figure 10. In summary, the contact angles of
CP-Ti and Ti64 are smaller than that of CP-Ti and Ti64 samples treated in vacuum and
air atmospheres.

According to our previous result [23], the specimen was annealed at lower temperature
(<500 ◦C) or lower laser power. No obvious structures were observed and the annealed
thickness was thin. The XRD patterns of the annealed Ti-6Al-4V sample have a little TiO2
structure. However, with an increase in the laser power, the titanium oxide layer grows
more quickly, while the rutile phase becomes the main structure when the laser power is
raised to 8.5 W. In this study, the laser power was 5 W and no obvious TiO2 structures
were observed. The annealed layer is thin so that the content of elemental C and O was
measured using analysis with an Auger electron nanoscope.

It is apparent that the surface becomes rough via the laser surface modification and
this produces a hydrophilic state. For the samples placed in the air atmosphere with
different holding times, the surface gradually evolved from a hydrophilic to a hydrophobic
state. It is important to note also that the oxygen content plays an important role in the
wettability mechanism. Thus, in other studies on Ti-6Al-4V alloys, it was revealed that
oxides formed over a period of days and this gave an increase in the Cassie-Baxter state
contact angles due to multi-scale modifications [60]. In practice, the hydrophobic state
occurs mainly through the formation of superimposed nanoscale and micrometre-sized
corrugations and the carbon composition also increases with an increase in holding time.
Thus, the hydrophobic surface is affected by the microtexture and chemical composition.

5. Summary and Conclusions

(1) Samples of CP-Ti and Ti64 were successfully processed by up to 10 and 20 turns using
high-pressure torsion in order to produce nanostructured microstructures. Mean
grain sizes of about 70 ± 18 and 60 ± 12 nm were developed in CP-Ti after 10 and
20 turns, respectively. The Ti64 had a mean grain size of about 50 ± 10 nm after HPT
processing for 10 turns.

(2) Laser surface modifications were applied on HPT-processed for 20 turns CP-Ti and
Ti64 samples. With an applied laser power of 5 W, the measured contact angles of
Ti64 and CP-Ti were ~11◦ and ~17◦, respectively, so it is readily apparent that Ti64 is
more hydrophilic than CP-Ti for samples processed for 20 turns by HPT. The laser-
modified surface became hydrophilic, the contact angle increased with an increase in
the holding time and the surface transformed gradually from a hydrophilic state to a
hydrophobic state.

(3) Laser surface modifications were applied in three different atmospheres of vacuum, air
and oxygen on coarse-grained CP-Ti and Ti64 samples. The contact angles increased
with the carbon content concentrations in both CP-Ti and Ti64 due to the change in the
laser treatment atmospheres. The slow formation of carbon produced a rapid increase
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in contact angle in a vacuum environment. The rate of increase in the contact angle in
the oxygen environment was also greatly reduced. The maximum contact angle could
reach 140◦ in a vacuum atmosphere. This study describes a simple method that can
be employed to fabricate a hydrophobic surface for use in medical devices.
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